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INTRODUCTION 

We are s t u d y i n g  t h e  f i r s t  s tages  i n  p y r o l y s i s  o f  wood and o the r  c e l l u l o s i c  
mater ia ls  as p a r t  o f  a s tudy  o f  t h e  c h e m i s t r y  o f  smo lde r ing  o r  low- temperature 
combustion. I n  t h e  1 a t t e r  processes bo th  o x i d a t i v e  and non-oxidative py ro l ys i s  
occur. This paper describes an i n v e s t i g a t i o n  o f  t h e  f i r s t  v o l a t i l e  p r o d u c t s  o f  
p y r o l y s i s  o f  wood and we b e l i e v e  t h a t  many o f  the conclusions regard ing the f i r s t  
py ro l ys i s  react ions a t  low temperatures are a p p l i c a b l e  a l s o  t o  h i g h e r  tempera tu re  
t r e a t m e n t s  o f  wood such as a r e  u t i l i z e d  i n  l i q u i f a c t i o n  processes. Our aim was 
p r i m a r i l y  t o  determine the  r e l a t i v e  ra tes  and modes o f  p y r o l y s i s  o f  the t h r e e  ma jo r  
c o n s t i t u e n t s  o f  wood ( v i z .  c e l l u l o s e ,  h e m i c e l l u l o s e s  and l i g n i n )  from t h e i r  
chemical ly i n t a c t  s i t u a t i o n  i n  whole wood. We b e l i e v e  t h a t  i n t e r a c t i o n s  o f  t hese  
substances and of t h e i r  d e g r a d a t i o n  products  dur ing p y r o l y s i s  make t h i s  approach 
necessary and may i n v a l i d a t e  some aspec ts  o f  e a r l i e r  s t u d i e s  o f  p y r o l y s i s  o f  
i so la ted  wood f rac t i ons .  

METHODS 

Our major  t e c h n i q u e  has been t h e  c o u p l i n g  o f  a the rmograv ime t r i c  analys is  
system (TG) w i t h  a Four ie r  t ransform i n f r a r e d  spect rometer .  The c o u p l i n g  i s  by a 
heated 1 m. t e f l o n  tube  f rom t h e  TG t o  an i n f r a r e d  gas c e l l .  A l l  o f  the r e s u l t s  
were obtained w i t h  cottonwood sapwood (Populus t r ichocarpa)  which had been ground t o  
pass an 80 mesh sieve. A l l  pyro lyses were c a r r i e d  ou t  i n  f l ow ing  n i t rogen,  the t ime 
l a g  between the thermal balance and the gas c e l l  was 1 min. and h e a t i n g  was e i t h e r  
i s o t h e r m a l  a t  250°C o r  a t  J" /min.  f r o m  100" t o  500'. I n  the isothermal runs f o r  
periods up t o  2 h rs .  t h e  whole i n f r a r e d  spect rum c o u l d  b e  accounted f o r  by t h e  
a b s o r p t i o n  bands o f  t h e  6 components shown i n  Table 1. The system was the re fo re  
ca l i b ra ted  f o r  these compounds by heat ing the pure l i q u i d  i n  a l o o s e l y  covered pan 
on the thermal balance a t  an appropr ia te temperature and r e l a t i n g  the r a t e  o f  weight 
loss t o  the i n f r a r e d  spectrum. Where a wavenumber range  i s  shown i n  T a b l e  1. t h e  
absorbance was i n t e g r a t e d  between these  v a l u e s  and where a s i n g l e  wavenumber i s  
g i ven ,  t h e  h e i g h t  o f  t h a t  Q b r a n c h  was used .  These v a l u e s  b o r e  a l i n e a r  
r e l a t i o n s h i p  t o  t h e  r a t e  o f  w e i g h t  l o s s  f o r  an i n d i v i d u a l  compound, and t h e  
r e s u l t a n t  ca l cu la ted  response f a c t o r s  were used t o  c a l c u l a t e  the r a t e s  o f  product ion 
o f  each p r o d u c t  from heated wood samples. For carbon d iox ide  t h e  c a l i b r a t i o n  was 
based on a i r  versus a pure n i t rogen  blank and the ca rbon  monoxide c a l i b r a t i o n  was 
then deduced from a standard m ix tu re  of  t he  two oxides i n  n i t rogen.  

The ef fects  o f  ca t i ons  on the  pyro lyses were invest igated w i t h  wood wh ich  had 
b e e n  washed w i t h  a c i d  t o  remove a l l  me ta l  i o n s  and w i t h  samples i n  which t h e  
indigenous cat ions had been replaced e n t i r e l y  w i t h  e i t h e r  potassium or  calcium ions. 
These i o n  exchange processes caused no other  chemical change i n  t h e  wood. E.g. the 
c o n t e n t  o f  L -a rab ino fu ranose  u n i t s  (wh ich  compr ise one o f  t h e  most ac id - l ab i l e  
groups i n  wocd) was unchanged. 

T o t a l  a b s o l u t e  g l ycose  con ten ts  o f  t h e  wood samples were determined by ac id  
hyd ro l ys i s .  r e d u c t i o n ,  a c e t y l a t i o n  and gas chromatography u s i n g  i - i n o s i t o l  as 
i n t e r n a l  s tandard  (1 ) .  U r o n i c  a c i d s  were determined on a a l i q u o t  p o r t i o n  o f  t he  
hydrolyzates (2) and v a n i l l i n  and s y r i n g a l d e h y d e  f r o m  l i g n i n  were genera ted  by 
n i t r o b e n z e n e  o x i d a t i o n  (3 )  and determined by gas chromatography o f  t r i m e t h y l s i l y l  
ethers. The glucan components o f  the heated wood samples were v e r y  r e s i s t a n t  t o  
h y d r o l y s i s  w i t h  72% s u l f u r i c  a c i d  and it was necessary t o  " react ivate"  w i th  water 
before hydro lys is .  
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RESULTS AND DISCUSSION 

I 

Figure 1 shows t h a t  t he  cat ions have a major in f luence on the r a t e  o f  p y r o l y s i s  
of wood. The r e s u l t s  conf i rm e a r l i e r  s t u d i e s  ( 4 )  and show t h a t  o f  t h e  t w o  m a j o r  
c a t i o n s  p r e s e n t  i n  wood, potassium i s  dominant i n  c a t a l y s i s  o f  pyro lys is ,  whereas 
c a l c i u m  tends t o  s t a b i l i z e  t h e  wood towards p y r o l y s i s .  The l o w  t e m p e r a t u r e  
i n f l e c t i o n  i n  t h e  DTG cu rves  a t  250-300" has o f t e n  been assumed t o  be associated 
w i t h  h e m i c e l l u l o s e  and /o r  l i g n i n  d e g r a d a t i o n  and s i n c e  t h e  c a t i o n s  o c c u r  
p redominan t l y  i n  the hemicel lu loses (5)  we have s tud ied py ro l ys i s  i n  t h i s  reg ion  i n  
some d e t a i l  by isothermal p y r o l y s i s  a t  250". F igure 2 shows t h e  w e i g h t  l o s s  under  
s u c h  c o n d i t i o n s  and t h e  r a t e s  o f  w e i g h t  l o s s  f o r  o r i g i n a l  wood and f o r  
potassium-exchanged wood were i n d i s t i n g u i s h a b l e .  The w e i g h t  l o s s  cu rves  f o r  
ac id -washed  and f o r  calcium-exchanged wood were a l s o  i n d i s t i n g u i s h a b l e ,  b u t  
corresponded t o  a much lower r a t e  o f  py ro l ys i s .  

The r a t e s  o f  f o r m a t i o n  o f  t h e  v o l a t i l e  p r o d u c t s  determined b y  i n f r a r e d  
spectroscopy 'are shown i n  F igure 3 f o r  t he  o r i g i n a l  wood. S im i la r  r e s u l t s  a re  a l s o  
ava i l ab le  f o r  the ion-exchanged woods. Table 2 shows the  p ropor t i on  o f  t o t a l  weight 
loss i n  the wood sample t h a t  can be accounted f o r  by the i n f r a r e d  analysis. The 40% 
o f  unaccounted we igh t  l oss  represents ma te r ia l  which condensed before reaching the  
i n f r a r e d  c e l l .  T h i s  i s  l i k e l y  t o  c o n s i s t  o f  a m i x t u r e  o f  l a r g e r  m o l e c u l e s  
conta in ing two o r  more carbon atoms. It i s  ev ident  t h a t  carbon d iox ide  and methanol 
are the f i r s t  products o f  p y r o l y s i s  a t  250". very  c l o s e l y  f o l l o w e d  by  wa te r ,  wh ich  
i s  t h e  major  p r o d u c t  on e i t h e r  a we igh t  o r  molar basis. Formic acid i s  produced 
s t e a d i l y  over a r e l a t i v e l y  l ong  p e r i o d ,  w h i l e  a c e t i c  a c i d  p r o d u c t i o n  peaks much 
l a t e r  t h a n  t h e  carbon d iox ide,  methanol and water. The changes i n  glycose, u ron ic  
acid, v a n i l l i n  and syringaldehyde content  are shown i n  Tab le  3. We conc lude  t h a t  
t h e  methanol i s  formed p r e d o m i n a n t l y  by p y r o l y s i s  o f  l i g n i n  w i t h  s y r i n g y l  u n i t s  
py ro l ys ing  ra the r  more r a p i d l y  than g u i a c y l .  The amount o f  methanol r e l e a s e d  i s  
much g r e a t e r  t han  could be accounted f o r  by the 4-0-methylglucuronic ac id  u n i t s  o f  
t h e  h e m i c e l l u l o s e s .  E v i d e n t l y  however, some un7t.s o r  reg ions o f  t he  l i g n i n  are 
espec ia l l y  l a b i l e :  on l y  about h a l f  o f  the a v a i l a b l e  methanol i s  released i n  1 hr. a t  
250", p o s s i b l y  i n  two s tages,  and the remainder requi res h igher  temperatures (see 
below). The carbon d iox ide  i s  e v i d e n t l y  der ived predominantly from d e c a r b o x y l a t i o n  
o f  u r o n i c  a c i d s  which decrease r a p i d l y  i n  the s o l i d  res idue and the molar y i e l d  o f  
carbon d iox ide corresponds approximately w i t h  the uronic  ac id  c o n t e n t  o f  t h e  wood. 
S ince t h e  g lucan  content  o f  t he  wood i s  v i r t u a l l y  unchanged i n  50 min. a t  250". i t  
appears t h a t  ce l l u lose  surv ives t h i s  t rea tmen t ,  a l t h o u g h  i t  i s  q u i t e  l i k e l y  t h a t  
some chain sc iss ion w i l l  occur and perhaps some t ransglucosy lat ion.  The ace t i c  a c i d  
i s  almost c e r t a i n l y  released by p y r o l y s i s  o f  the acety l  es te r  groups from t h e  x y l a n  
and i t s  y i e l d  i s  approximately t h a t  an t i c ipa ted  from the  acety l  content o f  the wood. 

The water, which i s  t he  major product, must be formed p r e d o m i n a n t l y  f rom t h e  
h e m i c e l l u l o s e s .  Some wa te r  w i l l  o b v i o u s l y  be formed f rom t h e  u r o n i c  acid and 
arabinose u n i t s  which decompose rap id l y ,  bu t  water must a lso be der ived f r o m  x y l o s e  
u n i t s  which show some decrease.  S ince we would a n t i c i p a t e  t h a t  the B-1,4-xylan 
chain should have a thermal s t a b i l i t y  s i m i l a r  t o  c e l l u l o s e  and s i n c e  g lucose  does 
n o t  decrease, i t  seems p robab le  t h a t  some o f  t h e  xylose u n i t s  may be subject  t o  
r a p i d  e l i m i n a t i o n  r e a c t i o n s  y i e l d i n g  w a t e r ,  p a r t i c u l a r l y  i n  t h e  r e g i o n s  o f  t h e  
h e m i c e l l u l o s e  mo lecu les  i n  which u r o n i c  ac ids are decomposing. The p y r o l y s i s  of 
acety l  es te r  groups might a l s o  be a s s o c i a t e d  w i t h  decompos i t i on  o f  t h e  a t tached  
xylose un i t s .  

The mechanism o f  formic a c i d  format ion i s  n o t  known. It could be der ived from 
e i t h e r  h e m i c e l l u l o s e s  o r  l i g n i n ,  a l t h o u g h  by  ana logy  w i t h  i t s  f o r m a t i o n  f r o m  
polysaccharides by a l k a l i  degradation, t he  former seem more l i k e l y .  

The inf luences o f  ca t i ons  on y i e l d s  o f  carbon d iox ide,  carbon monoxide (formed 
above 250"). methanol and f o r m i c  ac id  dur ing p y r o l y s i s  a t  temperatures up t o  400" 
are shown i n  F i g u r e s  4-7. The y i e l d s  o f  wa te r  and a c e t i c  a c i d  were much l e s s  
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s e n s i t i v e  t o  c a t i o n  v a r i a t i o n  and are no t  shown. F igure 4 shows t h a t  the potassium 
ions  favor increased format ion o f  carbon d iox ide  and lower the  tempera tu re  o f  peak 
p r o d u c t i o n  compared w i t h  t h e  acid-washed o r  c a l c i u m  forms.  The t o t a l  y i e l d  o f  
carbon d iox ide  i s  much g rea te r  than could be explained by decarboxy lat ion o f  u r o n i c  
ac ids alone. The mechanism o f  format ion o f  t h i s  carbon d iox ide  i s  n o t  known. Since 
the  bulk o f  t h e  ca rbon .d iox ide  i s  formed above 300' i t  must be d e r i v e d  a t  l e a s t  
p a r t 1  y from c e l l u l o s e .  Carbon monoxide was not  s i g n i f i c a n t l y  formed a t  250°, but 
was produced i n  s i m i l a r  mo la r  amount t o  carbon d i o x i d e  a t  h i g h e r  temperatures,  
peak ing  a t  abou t  350" ( F i g u r e  7). I t  seems p r o b a b l e  t h a t  t h i s  product a l so  i s  
l a r g e l y  produced from ce l l u lose .  

The format ion o f  methanol (Figure 5) shows a d i s t i n c t  second peak a t  about 300" 
f o r  o r i g i n a l  and f o r  potassium-exchanged wood. Presumably  t h e  methanol evo lved  
above 320" i s  c a t a l y z e d  b y  po tass ium and der ived by p y r o l y s i s  react ions from the 
more r e s i s t a n t  l i g n i n  which surv ives p y r o l y s i s  a t  lower temperatures.  ~ Formic ac id  
( F i g u r e  6 )  e v i d e n t l y  forms a t  higher temperatures by potassium cata lyzed py ro l ys i s  
react ions from ce l l u lose .  The same ac id  i s  a major product o f  a l k a l i n e  degrada t ion  
o f  c e l l u l o s e  i n  absence o f  a i r  and i t  i s  probable t h a t  the greater  e f fec t i veness  o f  
potassium compared w i t h  calcium i n  ca ta l yz ing  format ion o f  formic ac id  (and perhaps 
methanol) i s  assoc iated w i t h  the g rea te r  b a s i c i t y  o f  t h e  former. 
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Table 1. I n f r a r e d  absorbances used t o  q u a n t i f y  the f i r s t  v o l a t i l e  products 
from p y r o l y s i s  o f  wood and cond i t i ons  used f o r  c a l i b r a t i o n .  

Compound Wavenumbers (cm-1) ( " C )  Loss (Uglmin) 
Temperature Rate o f  Weight 

2240 - 2400 -_ CO2 

co 2020 - 2240 -- 

CH3COOH 1140 - 1230 23. 30 16. 32 

H20 1653 23, 30 17. 61 

HCOOH 1105 23. 26 12.6. 30.0 

CH30H 1032 23, 30 42.6, 137 
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Table 2. Y i e l d  o f  v o l a t i l e  p roduc ts  by i n f r a r e d  d e t e c t i o n  as percentage of 
t o t a l  we igh t  l oss :  cottonwood a t  250°C i n  n i t rogen .  

% o f  T o t a l  Weight Loss 

Methanol 3.5 3.7 3.8 4.4 

Formic a c i d  5.0 6.4 8.2 7.0 1 

I Ace t i c  a c i d  7.5 15.5 19.0 23.0 

- Carbon d i o x i d e  10.5 9.2 12.0 13.2 

13.2 11.5 - 16.0 - 18.3 - - Water 

To ta l  47.5% 53.1% 59.0% 60.8% 
!I 

i 
I' 

Time a t  250" 11 m in  23 min  40 min  58 min  

To ta l  we igh t  l o s s  5.5% 8.0% 11.0% 12.5% 

Tab le  3. 

Ana lys i s  (% d r y  we igh t )  O r i g i n a l  D r y  Wood 250"/N2/50 min. 

Analyses o f  cot tonwood a f t e r  hea t ing  a t  250°C under n i t rogen .  

( Anhydrog 1 ycoses ) 

Rhamnose 

Arabinose 

Xylose 

Mannose 

G1 ucose 

Uron ic  a c i d  

T o t a l  Carbohydrate 

V a n i l l i n  

Syr ingaldehyde 

Weight l o s s  

0.2 

0.5 

15.8 

3.0 

51.3 

4.9 

75.7 

2.7 

5.7 

0 
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t r a c e  

12.3 

2.4 

51.3 

1.7 

67.7 

1.8 

2.2 

11.9% 



FIG. 1 
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p rnole/min/rng wood (x103) 
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